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ABSTRACT 
In order to utilize the numerous potential econo- 
mic advantages of numerical control to its fullest, ap- 
propriate parts must be processed on it.  Currently there 
has been no standard method of determining parts that are 
to be processed by numerical control machines. 
The objective of this study was to develop a stand- 
ard scoring system and decision table for determining 
whether to process a part on a numerical control or con- 
ventional equipment.  In the use of the scoring system, 
an analysis was made of the part physical characteristics 
from the part print and of other known information about 
the part, such as cycle index, fixture ratio, lot size, 
lots/year, etc.  These factors were assigned weighting 
values.  The assigned weighting factors were then summed 
up, and a decision was made whether to produce 1;he part 
by NC or conventional process depending on the sum of the 
factor weights. 
This scoring system eliminated the need to engage 
in process planning for the part in question. This pro- 
posed procedure has been tested in the machine shop of 
Ingersoll-Rand Company (Rock Drill Division) and 4 cases 
out of 4 yielded correct decisions. The time required to 
arrive at a decision on processing was significantly re- 
duced for the four cases tested. 
1 
Chapter 1 
INTRODUCTION 
1.1 Definition of Numerical Control 
1.2 Basic Concepts of Numerical Control 
1.3 History of Numerical Control 
1.4 The Problem 
1.5 The Purpose of Study 
1.1  Definition of Numerical Control 
The definitions of Numerical Control (also referred 
to as NC) are as varied as its application, viz., 
a) "Numerical Control is a technique for controlling 
machine tools, equipment, or processes." 
b) "Numerical Control is a system of control of pro- 
ductive equipment by instructions prerecorded in 
2 
symbolic form." 
c) "Numerical Control is a process accomplished 
with * stored knowledge' which is unaltered by 
3 
human intervention after implementation." 
d) "Numerical Control is the operation of machine 
tools (and certain other processing machines) 
by a series of coded instructions, which are 
comprised largely of numbers and other symbols, 
including letters of the alphabet, the comma, 
4 
dash, dollar sign, asterisk and ampersand." 
Introduction to Numerical Control in Manufacturing, 
edited by Raymound E. Howe, Dearborn, Michigan: ASTME, 
1969, p. 1 
2 
Joseph Harrington, Jr., Computer Integrated Manu- 
facturing, New York: Industrial Press, Inc., 1973, p. 61. 
3 . Nils 0. Olesten, Numerical Control, New York: John 
Wiley and Sons, Inc., 1970, p. 2. 
4 
"Modern Machine Shop 19 74 NC Guidebook and Direc- 
tory Issue," Modern Machine Shop, November, 1973, p. 24. 
e) "Numerical Control is an extremely versatile 
means of automatically operating machines 
through the use of discrete numerical values 
introduced to the- machine by some form of 
stored input medium such as a punched or mag- 
netized tape." 
The more definitive explanation of NC and probably the 
most universally accepted definition of NC, is the one 
offered by the Electronics Industries Association (EIA). 
EIA defines NC as "a system in which actions are con- 
trolled by the direct insertion of numerical data at some 
point.  The system must automatically interpret at least 
some portion of this data." 
From these above definitions of NC, there are three 
basic concepts common to all applications of NC, namely 
INSTRUCTIONS (largely numbers), PROGRAM and AUTOMATIC. 
In NC, coded operating instructions (which are comprised 
largely of numbers thus "numerical" control) are given to 
the machine(s).  These instructions are suitably program- 
med for storing on cards, or on paper or magnetic tape. 
These programmed instructions are converted into machine 
power outputs and movements automatically in predetermined 
sequence, without human intervention. 
5 
James J. Childs, Principles of Numerical Control, 
New York: Industrial Press, Inc., 1969, p. 1. 
The application of NC is as a manufacturing aid; 
therefore NC is not a machining method but a concept of 
machine control.  Generally, NC may be considered as a 
form of automation, called flexible automation, as dif- 
ferentiated from the more conventional form of automation 
which can be classified as fixed automation. 
1.2  Basic Concepts of Numerical Control 
The product to be manufactured on a numerically 
controlled machine starts from the Engineering Drawing. 
Here, the product has been dimensionally defined, ma- 
terial types and conditions stated, tolerances and sur- 
face finish noted and part dimensions specified.  Then a 
part programmer determines the moves, sequences, tools, 
and overall motions that the machine tool will take in 
machining a part.  He makes an analysis and records his 
results in coded form, on a manuscript.  Hence, his de- 
cisions (s) will be recorded and will be executed as pro- 
grammed at the machine tool. 
The program can be developed manually or by utiliz- 
ing computers to assist the part programmer.  A control 
medium or tape (magnetic/paper) is produced from the pro- 
gram.  The machine-tools cannot in themselves read coded 
instructions, and convert these instructions into result- 
ant machine-tool actions.  This function is done by the 
program reader, which is a part of the machine control 
unit called MCU.  It is the MCU that will send the ap- 
propriate signal to the machine tool, as to what movement 
to make.  See Figure 1.2.1 for diagram illustration. 
1.3  History of Numerical Control 
In the aircraft industry, there arose the need for 
highly accurate complex parts, often with mathematically 
defined surfaces, and with increasingly tighter toler- 
ances.  The technique used before and immediately after 
World War II to manufacture complex parts was to use ac- 
curate cams for tracer-controlled equipment.  The bottle- 
neck was the actual production of the cams to required 
specifications. 
A stage was reached, where the cams were manufac- 
tured manually by hand-operated jig bore equipment.  This 
equipment produces closely spaced holes, and the cam sur- 
face was hand finished to remove the scallop heights 
created by the drill.  This technique was naturally time 
consuming, extremely tedious and on average was low in 
quality.  A better and simpler technique, in the manufac- 
turing of complex parts on surface for aircraft components, 
was needed.  Therefore, a proposed utilization of compu- 
tational routines was developed to move the milling ma- 
chine in small incremental steps following a mathematic- 
ally defined path.  This is the basic concept in Numerical 
Control. 
Engineering 
Drawing 
Computer 
Part 
Programmer 
Manuscript 
Machine 
Tool 
Flex-o-writer 
■/ Operator J 
Figure 1.2.1.  Block diagram of a basic NC process 
The first application of numerical control to a 
machine tool began in 1949 at the Servo Mechanisms Lab- 
oratory of Massachusetts Institute of Technology, under 
the joint sponsorship of the U.S. Air Force and the Par- 
sons Corporation of Traverse City, Michigan.  A 28-inch, 
three-axis Cincinnati Hydrotel vertical mill was used as 
the basic machine tool.  The tracer-control equipment 
was replaced with NC equipment.  By March 1952, the work 
by MIT resulted in an excellent demonstration of a proto- 
type NC milling machine with three-axis control.  The 
final report on the project was published in May, 1953. 
The U.S. Air Force and private aircraft industries 
immediately started further work and development on the 
results produced by MIT.  The Air Force performed most 
of the developmental work.  By 1952 it was proved that 
continuous contouring is feasible on a NC machine tool. 
Hence in the middle and late 50's, the aircraft industry 
became the largest users of continuous-contouring NC 
equipment.  Figure 1.3.1 illustrated the history of NC 
hardware developments. 
After the introduction of continuous contouring in 
the middle of 19 56, a manufacturing plant developed a 
point-to-point position control NC machine tool for its 
internal use with automatic tool changer incorporated. 
The progress of numerical control never stopped. 
By 19 57 NC equipment was produced for attachment to skin 
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Figure 1.3.1.  NC Hardware Developments (reproduced from 
"Introduction to Numerical Control in Manufacturing/1 
edited by Raymound E. Howe, Dearborn, Michigan: ASTME, 
1969, p. 12.) 
mills, because the aircraft companies had to retrofit 
their machine tools.  This was the only practical method 
of increasing the output of existing machines within a 
short period of time. 
The first NC system featuring automatic-tool chang- 
ing capability and some contouring ability was introduced 
commercially in November, 1958.  However, because posi- 
tioning control is less complicated than contouring, it 
took over and led the continuous-contouring control in 
terms of number of machines installed.  In October, 1961 
a major economic break-through occurred when Pratt and 
Whitney introduced a drilling machine with tape con- 
trolled table positioning for a "low price" compared to 
other NC machines. 
By the end of 1962, major machine tool manufactur- 
ers were engaged in NC, which was considered as an en- 
gineering curiosity thirteen years before.  It should be 
noted that as the NC hardware was being developed, so was 
the software of NC.  The development of the software 
started by the end of 1953 to 1954, when MIT manually pre- 
pared control tapes for the first NC milling machines. 
Figure 1.3.2 shows the history of NC software develop- 
ments.  The developments of NC reached a stage where 
standards became critical.  Accordingly, the EIA defined 
a standard NC tape as one-inch-wide, eight-hole tape with 
character and coding assignment provided by available 
10 
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Figure 1.3.2.  NC software developments (reproduced from 
"Introduction to Numerical Control in Manufacturing," 
edited by Raymound E. Howe, Dearborn, Michigan: ASTME, 
1969, p. 15.) 
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equipment. 
1.4 The Problem 
The primary problem encountered in a machine shop 
is to determine the most productive and economical method 
of manufacturing a part.  Therefore the justification of 
processing a part by numerical control or conventional 
methods is a principal problem.  There has been no stand- 
ard practice for determining parts that are to be proc- 
essed by NC machine(s).  This decision depends on the 
manufacturing process, which in turn depends greatly on 
the facilities available in the machine shop in question, 
and the experience of the decision maker. 
The traditional method of decision making is based 
on lowest cost.  However, using the least cost criterion 
and without a standard technique of determining the 
method of part processing, the decision maker must de- 
pend greatly on his past experience.  He will be using 
many rules of thumb which are not necessarily correct to 
decide whether a part should be processed by NC or con- 
ventional method. 
1.5 Purpose of Study 
The objective of this study is to develop a stand- 
ard scoring system, in which an analysis will be made of 
a part print and other known information about the part, 
e.g. lead time, production quantity per lot and per year, 
12 
etc.  As a result of this analysis a decision can be made 
whether to process the part by conventional or NC methods, 
without having to engage *in actual process planning. 
This method of decision making is being investigated be- 
cause of the following potential advantages: 
a) The analyst does not have to depend on experi- 
ence, since experience is not a standard method. 
The probability of making mistakes is therefore 
reduced. 
b) The analyst is not necessarily required to have 
a comprehensive manufacturing background. 
c) The decision-making process is expedited; thus, 
the planning time of a part is reduced. 
13 
Chapter 2 
CASE STUDIED 
2.1 The Machine Shop 
2.2 The Product/Manufacturing Cycle at Ingersoll-Rand 
Company (Rock Drill Division) 
2.3 The Current Numerical Control Procedures 
The material in this chapter is based on conversations 
and documents supplied by Mr. Cliff Marshall, Chief NC 
Process Engineer, Rock Drill Division of Ingersoll-Rand 
Company, Phillipsburg, New Jersey. 
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2.1 The Machine Shop 
The machine shop investigated in this study is in 
the Rock Drill Division of the Ingersoll-Rand Company. 
Ingersoll-Rand is a multi-national company, manufacturing 
compressors, pumps, condensers, drills and other equip- 
ment used to mine and drill energy producing raw materi- 
als.  Ingersoll-Rand Company operates on a decentraliza- 
tion type of organization, where each division is aligned 
according to their products and markets. 
The Rock-Drill Division of Ingersoll-Rand Company 
manufactures mining and drill equipment for energy pro- 
ducing materials,e.g. gas, oil, coal, etc.  The NC shop 
of the Division's manufacturing department was the focus 
of attention in this study.  The shop has a large number 
of different pieces of NC equipment, e.g. Burgmaster NC 
turret drill, Cincinnati Lathe NC turning centers, 3VCT 
NC machining centers, Sundstrand NC machining centers, 
etc.  See Section 3.5.2 for how this machine shop was cho- 
sen to be investigated. 
2.2 The Product/Manufacturing Cycle at Ingersoll-Rand 
ComPany (Rock Drill Division) ~ 
The time span required to make decisions about 
whether or not the company should produce a particular 
product averages about 4-6 months.  Depending on the 
15 
<?* 
product or job, it sometimes takes 1-1*5 years for a deci- 
sion to be reached. 
The decision-making process starts with the product 
concept.  Then a part or machine design will be made. 
This part design will be broken down into detailed prints. 
The prints will be transferred to the Methods department 
where estimates of the tooling, material, labor, and manu- 
facturing costs will be made. 
The Engineering department then gets the part 
prints to check if the design meets required specifica- 
tions, and to assess the feasibility of existing facili- 
ties to produce the part.  These results are passed to 
the Sales department where the decision whether to pro- 
duce the part or not will be made.  The sales department 
considers the following criteria for its judgement: 
a) How marketable is the product? 
b) How long can the product stay on the market? 
c) What is the cost of production and net profit? 
Finally, the question must be answered:  Should the prod- 
uct be produced? 
If the decision is positive then the prints are re- 
turned to the Methods department.  The Methods department 
will write a manufacturing procedure (routing) for the 
part.  The routings and blueprints will be passed to the 
manufacturing department for processing.  If the part is 
new, the methods engineer and estimator have to consult 
16 
the process engineer before the final routing is made. 
Figure 2.2.1 shows the decision-making process. 
2.3 The Current Numerical Control Procedures 
2.3.1 Selecting Parts for NC Processing.  If a posi- 
tive decision was made to produce a part, the prints will 
be transferred to the manufacturing department for proc- 
essing.  Another critical decision has to be made.  That 
is whether to process the part by conventional or NC meth- 
ods. 
The principal factors in part selection for a proc- 
ess are based on economics.  Therefore the coordinator 
determines which method (NC or conventional) is better 
suited for processing a particular part by making a major 
economic evaluation of the alternatives, e.g., 
a) Conventional method: set up cost 
unit running cost (i.e., 
set up, tooling, processing, 
machine cycle time) 
b) NC method: set up cost 
unit running cost (i.e., programming, 
tooling, prcoessing, set up, and ma- 
chine cycle time) 
The process engineer is the coordinator. 
17 
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Figure 2.2.1.  Product/Manufacturing cycle at Ingersoll- 
Rand Company (Rock Drill Division) 
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The coordinator considers the following basic factors in 
his selection of parts for NC processing: 
1) Parts requiring lengthy set up times in conven- 
tional practice. 
2) Complex parts^ with close tolerances, high accura- 
cy and repeatability requirements. 
3) Small part lot size, produced on a repetitive 
basis. 
4) Parts requiring 100% inspection. 
5) Parts with anticipated numerous engineering 
changes. 
6) Parts requiring expensive tooling in convention- 
al practice. 
7) Complex part with mathematically defined con- 
tours. 
8) Parts with scheduling problems; i.e., priority 
parts or loading a particular machine is of ma- 
jor importance. 
9) Parts whose operations can be combined in con- 
ventional practice. 
10) Parts with lead time of major consideration. 
11) Parts requiring non-uniform cutting speed. 
12) Parts made from expensive material. 
The coordinator also incorporates his experience into the 
decision making. The following "rules of thumb" (derived 
from experience) are used significantly in selecting parts 
19 
for NC processing: 
a) In order for a job to be processed on NC ma- 
chine (s), the lot size should be between 25 and 
250 pieces. 
b) Complex parts, e.g., gear box, motor housing, 
etc., should be 100% inspected. 
c) Between the fifth and seventh piece of a lot 
should be used for inspection. 
d) The standard lots per year (turnovers) equals 
4, since about 60-75% of the jobs fall into this 
category. 
Presently, there is approximately 3-5% error in the shop's 
NC procedures, attributed to the programming of tapes. 
The shop always strives for machine up-time utilization 
of 72%. 
If appropriate parts are selected for NC processing, 
the shop should realize the benefits of NC stated in Fig- 
ure 2.3.1.  Figure 2.3.1 shows the results of a survey 
conducted by the University of Michigan, encompassing 356 
companies operating 4,648 NC machines (1,736 with contour- 
ing capability).  The NC capability of accelerating pro- 
ductivity and reducing costs resulted in the substantial 
economic and productivity gains. 
20 
Activity Reduction 
Machine set-up time 20 - 70% 
Part cycle time 20 - 75% 
Material handling 20 - 50% 
Inspection 30 - 45% 
Scrap and rework 30 - 45% 
Work-in-process 20 - 30% 
Finished goods inventory 10 - 25% 
Lead time 25 - 45% 
Assembly of parts 10 - 20% 
Tooling complexity 10 - 40% 
Table 2.3.1 NC economic and productivity gains (repro- 
duced from Donald N. Smith, "NC for profit and productiv- 
ity, n American Machinist, October 16, 1972). 
2.3.2  Programming Parts for Numerical Control. Af- 
ter the selection of parts appropriate for NC processing, 
the coordinator passes their prints to the programmer. 
The programmer has to visualize the machine motions neces- 
sary to machine the particular workpiece in question. 
Therefore, he must have extensive knowledge of the follow- 
ing: 
a) manufacturing processes 
b) metal cutting principles and practices 
21 
c) methods planning 
d) the capabilities and functions of the machines 
and tools available in the shop. 
At this time the programmer has to work on the 
latest engineering prints, routing and tool list(s).  He 
now prepares to fill out the part program manuscript and 
the set-up sheet for the workpiece considering the follow- 
ing basic rules: 
1) Tool requirements based on: 
a) Specifications of material 
b) Shape of part 
c) Tolerance and surface finish requirements 
2) Tool path based on: 
a) Shape of part and tolerance required 
b) Minimization of machine and tool movements 
c) Maximum material removal 
d) Maximum feed rate to achieve required speci- 
fications 
3) Set-up based on: 
a) The number of workpieces to be machined at a 
time (i.e., possibility of combined, and/or 
simultaneous machining). 
b) Position of workpiece on machine table 
c) Minimum tooling possible to achieve required 
specifications. 
22 
d) Probability of tool(s) clearing workpiece 
or any other object on the machine table. 
The programmer and tool designer have to decide on 
how the part will be held during machining and what spe- 
cial tooling is required (if any).  Therefore, the pro- 
grammer and tool designer must work together at this 
time.  The programmer has to know the positioning of the 
workpiece and its locating system in relation to machine 
"zero", and the -amount of material to be machined when 
programming the tool path.  The tool designer has to know 
the tool path in order to design the necessary fixture 
and special tools. 
Then the programmer fills out the set-up sheet and 
program manuscript.  He checks them for errors and pos- 
sible improvement before sending his results to the co- 
ordinator.  The coordinator checks the manuscript and 
set-up sheet again and approves them for tape preparation, 
2.3.3.  Tape Preparation.  After the coordinator's 
approval of the part programming, the manuscript(s) is 
passed to the typist.  The manuscript(s) will be typed on 
a tape preparation machine, in order to obtain a tape and 
print-out simultaneously.  The print-out is used to check 
the original program for errors.  In case of any correc- 
tion, the tape is placed on a reproducer and another tape 
is made automatically with the necessary corrections on 
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it.  The first correct and approved tape will be the mas- 
ter tape, while the second tape will be the machining 
tape.  The typist puts the two tapes along with the print- 
out sheet(s)/ program manuscript(s), set-up sheet(s), part 
print(s), estimate sheet(s), routing and tool list(s) into 
a folder.  This folder is called the "master folder" and 
will be filed in the numerical control section of the 
manufacturing department.  Every NC tape is verified be- 
fore being put into use on the production floor, and the 
mechanical method of verification is used. 
2.3.4 Job to Production.  If a job is to be run 
on the NC machine, copies of the set-up sheet (s), pro- 
gram sheet(s) and part print(s) are made from the master 
folder.  These copies will be put in another folder along 
with the machine tape and passed to the production floor. 
The folder on the production floor is called the "machine 
folder", and the contents will be destroyed after each 
job has been completed.  The master folder is used for 
reference, and it is kept up to date as changes occur. 
Figure 2.3.1 shows the diagram of the current NC procedure 
used in the machine shop. 
2.3.5 Follow Up.  After a job has been run or com- 
pleted, the performance is recapped and notes are made on 
improvements wherever possible.  In case the same job or 
a similar one comes up in the future, an improved manu- 
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facturing process can be used. 
Conven- 
tional 
NC Planning, 
Programming, 
Set-ups 
Coordinator's 
Approval 
NC Tool Design, 
Order and 
Fabrication 
3 
_ NC_Tape__ 
Tools 
Coordinator's 
Approval 
NC_Mach ine_ 
Production 
Floor 
Figure 2.3.1.  Current NC procedure in the machine shop. 
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Chapter 3 
DEVELOPMENT OF THE DECISION PROCEDURE 
3.1 The General Approach 
3.2 Definitions of Decision Factors 
3.3 The Procedure: A Two-step Decision Process 
3.4 The First Decision Step 
3.5 The Second Decision Step 
3.6 Procedural Worksheet 
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3.1 The General Approach 
There are many ways to approach the justification of 
parts to be processed by numerical control.  One approach 
is to outline each function of a manufacturing organiza- 
tion, then observe the benefits that NC will provide for 
that function, e.g. production control, cost accounting, 
sales, manufacturing, etc.  Another approach is to use 
the lowest cost method for comparing NC to other methods 
of processing. 
The approach adopted in this study is the use of a 
standard scoring system via decision tables.  The approach 
involves the use of physical characteristics of a part 
and known information about the part, e.g. lot size, lead 
time, methods changes, lots per year, etc. 
This approach also involves the analysis of a large 
number of parts currently being processed on NC machines 
at the Rock Drill Division of Ingersoll-Rand Company in 
Phillipsburg, New Jersey. 
The decision-making process will be presented in the 
form of a decision matrix, and the scoring system adopted 
will indicate which process to use (NC or conventional). 
In the following section, the factors which make up the 
scoring system will*be defined. 
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3.2  Definitions of Decision Factors 
The following are the definitions of factors and 
notations used in this study: 
1) Cycle Index/CI:  This factor is an indicator 
which contributes to the decision of which alterna- 
tive (NC or conventional) is to be used for process- 
ing.  The cycle index accounts for the difference in 
production cycle time of the two alternatives for 
processing a part.  CI is a function of part physical 
characteristics and it differs for each NC machine, 
e.g. for a Burgmaster NC turret drill, 
- Average tolerance of the part 
- Surface finish    "   "   " 
- Lot size "   "   " 
- Number of holes in    "   " 
- Number of tools to be used for the 
part 
From this cycle index, decision rules can be estab- 
lished, i.e. 
Rule 1: if CI = 0 use NC or conventional 
Rule 2: if CI > 0 use NC 
Rule 3: if CI < 0 use conventional 
The range of CI: -1 <_ CI < L In section 3.5, the 
problem of converting the cycle index and the following 
other factors into numerical scores will be explained. 
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CI = fn - 
2) Fixture Ratio/FR;  This is one of the cost in- 
dicators which enables a decision to be made based on 
relative fixture and/or special tool(s) costs.  From 
this fixture ratio, decision rules can be established: 
i.e. 
Rule 1: if FR = 1 use NC or conventional 
Rule 2: if FR < 1 use NC 
Rule 3: if FR > 1 use conventional 
The range of FR: 0 < FR < °°. 
Where FR = fn (part physical characteristics) 
See section 3.5 for details on fixture ratio. 
3) Lot size;  The number of parts in a lot, which 
is the basis for all the economic justification of 
part selection.  For example, it is an accepted 
fact that NC is suitable for small and medium lot 
sizes.  If the lot is extremely small it will not 
justify the making of an NC tape for the job.  On the 
other hand, a large lot size ties down the NC machine 
for a long period.  A typical rule of thumb for lot 
size is 25-250 pieces. 
4) Lots per year;  The number of times a particu- 
lar part lot is repeated in a year.  This is some- 
times referred to as the "turnover."  More turnovers 
mean lower cost of programming, less time for the 
first piece check out, etc.  Therefore as turnover 
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increases it tends to favor NC processing.  The Rock 
Drill machine shop uses a rule of thumb of four or 
more turnovers per year for NC processing. 
5) Complexity: This is an evaluation of the com- 
plexity of a part configuration based on the follow- 
ing factors: 
a) Mathematically Defined Surface(s): This factor 
indicates part configuration defined mathemat- 
ically in the part drawing. For example, im- 
peller blades or involute gear or cam surfaces 
can be defined mathematically. Numerical Control 
capability of machining mathematically defined 
surfaces without human intervention makes it a 
logical method of processing parts with mathe- 
matical defined surfaces. 
b) Over Three Controlled Axes:  This factor considers 
part configuration with twisted curvatures, slopes, 
etc. requiring more than three-axis cdntrol 
machining.  Therefore NC will be a natural alter- 
native for processing parts requiring over three- 
controlled axes of operation. 
c) Positioning System:  This is where manufacturing 
processes e.g., drilling, reaming, threading, 
spot facing, etc. are in a specific pattern, such 
as a coordinate system or radial pattern.  In this 
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case NC will be an appropriate alternative of 
processing, assuming that the positioning system 
is within the NC machine capabilities. 
d) Angular Holes/Surfaces;  This factor indicates 
machining to be done on incline plane (s).  The 
capability of some NC machines to (e.g. 5-axis 
NC machining center) operate at inclined planes 
makes Numerical Control an appropriate method of 
processing parts with angular holes and/or sur- 
faces. 
e) Tolerance;  This is the total permissible varia- 
tion from the specified basic size of a part. 
Tolerance considered in this study consists of: 
i) Average tolerance: The average/mean of 
the tolerances specified on the blueprint. 
ii) Locational tolerance:  The tolerance as- 
sociated with the locating surface(s). 
iii) Size tolerance:  The tolerance specified 
for a dimensional size. 
If a close tolerance is required repetitively, 
then Numerical Control will favor the condition. 
f) No. of Holes/Bores/Diameters:  This is the number 
of holes and/or bores in a part, and number of 
diameters in the case of a rotational part.  If 
the number of holes/bores/diameters increases and 
1J1 
they are in a specific pattern (positioning sys- 
tem) then this condition favors NC processing. 
6) Lead Time;  This is the time between placing 
an order by the customer(s) and receiving shipment. 
Shorter Lead-time favors Numerical Control, because 
of NC's capability of reducing job preparation time, 
non-productive time, and eventually the total manu- 
facturing time. 
7) Changes; This is the number of modifications 
made in the original print and/or methods (routing) 
of a part.  This factor consists of: 
i) Engineering changes:  The number of changes 
made on the original part print, e.g., 
material change, tolerance change, dimension 
change, etc. 
ii) Methods/Routing changes:  The number of 
changes made on the original process plan- 
ning of a part. 
If a part is anticipated to involve numerous 
changes (engineering and/or routing), then NC should 
be used for processing the part.  The cost of these 
anticipated changes is only that of tapes in NC 
processing whereas in conventional processing, a lot 
of expensive fixtures and/or setups may be changed. 
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8) Family of Parts;  This factor refers to a part 
that falls into a group of similar parts.  Therefore 
the application of a single set of solutions can be 
used for any part that is in that group.  It is 
cheaper to use NC for this application, because the 
once-prepared NC tape can be used or modified for 
another part.  There is also an increasing need for 
more economical production of small lots of parts 
that do fall under a family of parts; therefore 
Numerical Control will be an appropriate processing 
method for these economic small lot sizes. 
• 
9) Special Skills Required:  This factor refers 
to the requirement of operator's skills for the suc- 
cessful processing of a part.  If a part requires 
the special skills of an operator, conventional 
method should be used since NC processing requires 
little or no human intervention. 
10) 100% Inspection:  This factor refers to the 
inspection of every part in a lot if required.  This 
condition will apply to complex parts like gear-box, 
ntotor housing, etc. where the lot will be 100% in- 
spected.  NC is an appropriate processing method for 
parts requiring 100% inspection, because the tape- 
controlled machine is capable of producing accurate 
parts consistently. 
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11) No. of Tools:  This is the number of tools 
used in processing a part. 
12) No. of Steps:  This factor refers to the num- 
ber of sequences required to process a part.  For 
example, if operation #2 calls for drilling, ream- 
ing, and counterboring three holes, this operation 
should be considered to involve 9 steps (i.e. 3 
drilling steps, 3 reaming steps and 3 counterboring 
steps). 
13) No. of Operations:  This is the number of 
manufacturing processes required to process a part, 
e.g. if a process calls for boring, tapering, ream- 
ing, facing and chamfering of a valve hole,  the 
process is considered consisting of 5 operations 
(i.e. 5 manufacturing processes: drilling, reaming, 
tapering, facing and chamfering). 
14) No. of Locational Surfaces:  This is the num- 
ber of surfaces qualified geometrically, dimension- 
ally and mechanically for locating a part surface(s). 
15) Machinability:  This factor refers to how 
machinable a part is, and it consists of the follow- 
ing: 
a) Contouring:  This factor refers to parts with 
twisted surfaces, slopes, series of pockets, etc. 
Parts with these features will require profiling 
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and/or numerous templates if processed conven- 
tionally.  Therefore NC will be an appropriate 
method of processing, because of its capability of 
machining surfaces requiring over three controlled 
axes. 
b) Surface Finish:  This is a specified require- 
ment to be attained by any process.  The lower the 
surface finish of a part, the more the tendency 
to process \the part by NC.  This is because NC 
machines ai4 more rigid than conventional machines, 
and the tape-controlled machines will offer uni- 
form surface finishes. 
c) Expensive Part;  This factor would apply to 
parts made from an expensive material, such as 
stainless steel or to parts with much previous 
processing.  Costly work material is a considera- 
tion favoring NC processing, because NC has lit- 
tle or no human intervention during processing, 
and the probability of ruining the part is less 
compared to conventional processing. 
d) No. of Surfaces;  This is the number of sur- 
faces to be machined on a part.  If the number of 
surfaces to be machined on a part increases and 
the planes on which they are situated differs, 
then NC will be a logical processing method.  In 
case of conventional processing, each of the sur- 
faces to be machined will require different work- 
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holding devices and/or setups. 
e) Overall Size:  This terminology refers to 
the surface area of the part.  Overall size of a 
part depends on the machine capacity, fixtures, 
space between the machine bed and spindle, etc. 
If a part is large, it will be preferable to 
machine the part in one setup, therefore Numerical 
Control tends to favor this condition.  On the 
other hand, small size parts can be transferred 
easily from one work station to another, and jigs/ 
fixtures/setups for multi-spindle combined opera- 
tions are possible.  Therefore, conventional 
processing tends to favor this condition. 
f) Overall Weight:  This factor refers to how 
heavy a part is, and it depends on how the part 
will be moved from one work station to another. 
Heavy parts tend not to be moved too often, there- 
fore many operations have to be done per setup 
and NC favors this situation. 
Summarizing, for any given part, there may be certain 
factors which favor the application of NC and others which 
tend to favor the use of conventional orocessino methods. 
The decision of which method to use will depend on the 
relative numbers of factors and the relative strengths or 
weights of the factors favoring one method or the other. 
The proposed scoring technique represents a systematic 
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procedure for aggregating these factors into a single 
value, upon which a decision on processing can be made 
with relative ease and reliability. 
3.3 The Procedure; A Two-Step Decision Process 
The primary objective of process planning is to plan 
in advance the routing of parts to the appropriate machines 
in the appropriate sequence of operations.  Therefore from 
the very start, conventional or NC equipment will be the 
major alternatives for processing. 
The problem is to determine the best alternative. 
The initial success of any process operation depends 
largely on the selection of those parts most suitable for 
that process, bearing in mind that these selections are 
based greatly on economic factors. 
There are several methods for selecting parts appro- 
priate for NC processing.  The method adopted in this 
study will involve the selection of parts based on the 
physical characteristics and known information about the 
part, without engaging in actual process planning. 
This decision-making process would be classified into 
two steps, and the following two sections (3.4 and 3.5) show 
the development of the two steps. 
3.4 The First Decision Step 
The first step in the decision-making process in- 
volves the selection of a particular numerical control 
machine that will be suitable for processing the part in 
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question.  This NC machine selection depends on the phys- 
ical characteristics of the part.  The selected numerical 
control machine will then be the candidate against the 
alternative conventional processing. 
For this study, three numerical control machines 
were considered: 
1) NC turret drill (Burgmaster), with 8 tool holders, 
2) NC machining center (Sunstrand), with 30 tool 
holders 
3) Lathe NC turning center (Cincinnati), with 16 
tool holders. 
In order to make the decision process in the first step 
simple and precise, a decision table was developed (Fig- 
ure 3.4.1). 
The decision table in Figure 3.4.1 determines which 
NC machine is most appropriate for processing a particu- 
lar part. 
Conditions 1 2 3 4 5 6 
Lathe Operation (s) Y N N N Y Y 
Required pallets N Y N N Y N 
Milling operation N - - - - Y 
Extensive tooling - - N Y - - 
Lathe NC turning cente- r* 
NC turret drill * 
NC machining center * * 
Error * * 
Codes 
Yes = Y 
No = N 
= No difference 
*  = Decision 
Figure 3.4.1 NC machine decision table 
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There are 16 possible rules from the decision table 
in Figure 3.4.1 and these possibilities have been compound- 
ed into 6 rules.  Therefore given a workpiece and/or part 
print, one of these 16 possible rules will be satisfied and 
a decision will be made as to which NC machine to use, e.g. 
if a given part requires a lathe operation but does not re- 
quire pallets, milling operation, and extensive tooling, 
then Rule No. 1 is satisfied and a lathe NC turning center 
must be used.  In case an error decision is made in the de- 
cision table, the analyst should recheck his decision.  An 
error decision is considered impossible.  Therefore none of 
the three available NC machines can be used for processing 
the part in question. 
3.5  The Second Decision Step 
3.5.1  Introduction 
The second step in the decision-making process in- 
volves determining of which alternatives, conventional 
\ 
method or the selected numerical control machine in the 
first decision step, will yield the best processing result. 
It should be noted that the second step of the decision 
process would be based only on the physical characterist- 
ics of the part and other known information about the 
part. 
In order to achieve a simple, sufficient, efficient, 
and less time-consuming decision for the second step a 
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scoring system was developed.  The scoring system was de- 
veloped by the application of the delphi method (5) (8) 
(ID.8 
The delphi method is basically defined as "a method 
for the systematic solicitation and collation of informed 
9 judgements on a particular topic."   This method involves 
the use of a panel of experts in the topic/field in ques- 
tion, and these experts are interrogated by a sequence of 
questionnaires. Then the responses of the experts to one 
questionnaire are used to generate the next questionnaire. 
The main advantage of the delphi method is the pres- 
ence of feedback.  The ideas and judgements of individual 
experts in the panel are collected, then formulated as a 
group response and fed back to the panel in the form of re- 
sults and/or a subsequent questionnaire.  In this way the 
true consensus is achieved without eliminating important 
opinions and fundamental information about the topic in 
question. 
The primary objective of the application of delphi 
methods in this study was to obtain reliable subjective 
evaluations where quantitative results could not be obtained. 
This application of the delphi  method involved the use of 
Q 
Numbers in parentheses refer to the bibliography. 
9 
Murray Turoff, "Delphi and its potential impact on informa- 
tion systems," Fall Joint Computer Conference, 1971. 
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panel members from the Rock Drill and Aldrich Pump Divisions 
of Ingersoll-Rand Company. <a 
3.5.2  Probe A:  Selection of Machine Shop 
The first problem encountered in this study was to 
find a machine shop suitable for the investigation.  The 
search for an appropriate machine shop went as follows: 
Round 1:  The task was to find a machine shop with suffi- 
cient NC facilities for the investigation in 
this study.  These companies were considered: 
a) Bethlehem Steel Corporation, Bethlehem, Pa. 
b) Ingersoll-Rand Company, Standard Pump Aldrich 
Division, Allentown, Pa. 
c) Ingersoll-Rand Company, Rock Drill Division, 
Phillipsburg, N.J. 
Results:  Bethlehem Steel Corporation's NC facilities were 
considered inadequate for the study, therefore 
eliminated from the considerations. 
Round 2:  A list of process criteria for selecting parts 
for NC processing was provided for each panel 
member (from Rock Drill and Standard Pump Aldrich 
Divisions of Ingersoll-Rand Company).  It was 
suggested to the panel members to supplement the 
list if need be.  The task in this round was to 
rank each process criteria according to their 
levels of priority. 
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Results:  1) The results of this probe are shown in Figure 
3.5.1.  It was noticed that members from each 
division tend to rank the process criteria 
about the same.  This observation confirms the 
hypothesis that the ranking of the process 
criteria depends on the manufacturing facility 
and the type of products manufactured in a 
particular shop. 
2) It was observed that the rankings within each 
division are slightly different.  These differ- 
ences can be attributed to the experience em- 
ployed in the decision-making process by the 
analyst. 
3) The divisions supplied lists of process cri- 
teria in use presently in their shops.  For 
example, Rock-Drill Division supplied the list 
of process criteria shown in Figure 3.5.2. 
Decision; The Rock-Drill Division of Ingersoll-Rand Company 
was selected as the most appropriate machine shop 
for the study.  It was selected because: 
1) Most of the products produced in this 
machine shop do not fall in the group of 
family of parts. 
2) The shop has a large number of different 
pieces of NC equipment. 
3) There is a well-documented "lowest cost" 
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Figure  3.5.1.     Part Process  Criteria Ranking Exercise 
Process Criteria 
Ranking 
Aldrich 
Division 
Rock-Drill 
Division 
B* G* M* F* 
No. of operations 
No. of tools 
No. of cuts per tool 
No. of surfaces 
Lot size 
Lots per year 
Lead time 
Non-uniform speed and feed 
Tolerance 
Amount of material removed 
Engineering changes 
Expensive parts 
Special Skills required: 
Mathematically defined surfaces 
100% inspection 
7 
6 
8 
7 
2 
3 
9 
5 
5 
6 
6 
8 
4 
1 
7 
3 
3 
8 
4 
2 
10 
14 
5 
6 
9 
13 
11 
7 
1 
12 
1 
2 
11 
9 
3 
4 
7 
14 
6 
13 
8 
12 
10 
5 
12 
1 
3 
11 
4 
2 
5 
12 
9 
6 
10 
15 
7 
14 
8 
13 
Codes:     1 = highest  level of priority 
15 = lowest  level of priority 
*The initials in the columns are used to identify the panelists, 
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method of selecting parts for NC process- 
ing used by the shop.  An example of their 
comparison chart is given in Exhibit 1. 
3.5.3  Probe B: Process Criteria Selection 
After selecting an appropriate machine shop for this 
study, the next task was to determine the process criteria 
suitable for the decision-making process. 
Round 1; The list of process criteria supplied by the 
selected machine shop (see Figure 3.5.2) and the 
list supplied to the panel members (Figure 3.5.1) 
were combined and sent to the panel members.  The 
task was to review both lists and come up with a 
new list. 
Results: 1) The process criteria--complexity and machin- 
ability—were redefined, so as to make their 
evaluation more accurate and less dependent 
on the analyst's experience.  Therefore com- 
plexity was defined to consist of: 
a) Mathematically defined surfaces 
b) Over three controlled axes 
c) Positioning system 
d) Angular holes/surfaces 
e) Tolerance 
f) Number of holes/bores/diameters 
and    Machinability consisted of: 
a) Contouring 
b) Surface finishes 
c) Number of surfaces 
d) Overall size 
e) Overall weight 
f) Expensive part 
44 
Figure 3.5.2; Process criteria for selecting parts for NC 
processing, supplied by Rock-Drill Division 
(ranked according to priorities in descend- 
ing order). 
■ '   — 
No. Process                 Criteria 
1 
I 
Compare:   conventional (setup time/part ♦ cycle 
time) to NC (setup time/part ♦ cycle tirac) 
2 Compare:   Fixture costs for conventional machining 
against fixture costs for NC             i 
1 
3 
i 
Compare:   Special cutting tools needed for conven- 
tional machining against that of NC 
4 Job lot size 
5 No. of pieces run per year 
6 Complexity of the part 
7 Overall size 
8 Overall weight 
9 Tolerances 
10 Surface finishes 
* 
11 Machinability 
12 Lead time 
13 Engineering changes 
14 Method (Routing) changes 
15 Family of parts 
16 No. of Bores, Holes and Diameters 
17 No. of surfaces 
18 Special skills required 
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Exhibit  1. 
IKGER3CLI   R*NLI CO. 
DRTLL  JTV. 
N/C  COMPARISON'  OHAk'i   FOR  ZJlIK»'i IKG 
f'.fch^Burp.Turret Drill p£rt  No 
Ptrtfl^re. _^|MB^fc__    PrP-no- ^BWWHBI     Rev. 
Job Cld_____Kew__^^_   Kfg Quantity _3Q_ Yearly Use 
Processed By 
Fin.Date 
Hours   
Prog.By_ 
Fin.Date 
Fixture Designed  By 
Fin.Date 
Fix.Cost       No.Rea'd^    Est. 
4        SSo.ao 
ACt . 
Hmir.g~Est.. l&. 0   Act.     / 0>   ® 
Conv. 
Tape /        &/So. oo 
Manufacturing Time (Min.)/{Piece) 
Cycle  Time 
Set-up Time 
Total 
Conv. 
s4.S 
z4.0 
7S.& 
Tape 
34.0 
4.0 
38.0 
^Z*       % Saving 
    Hr./Yr.Saving 
Conv.Time Oper# Oper.Description 
Labour (Z)   /I(S   /-/aces 
Q t>e«.c C&) 7/iU ^LCS /// Crc FA. 
(S) De.^TfipQ  %-'C   A/OICS 
(ft)  OeAjf^Q)   2/</ti.P-T.   Tfip tJocES 
Hrs. Set-up      Kin.Ke.ch. 
/O.O 
3.0 
3.0 
3.0 
S.O 
6.0 
/&, O 
/3.0 
Est.Time       Burg. 
Tools  x  3/g  = Kin. 
Holes  x  l/U  - Kin.   - 
■Kill TJiaiTfiOr^Wu*. 
Load  & Unload  =  Kin 
^5£T-Up -   Z.O hie. 
" S = 3.0 
zS.o 
'34. o 76.3 
38.0 m.'i./ Vfc. 
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2) Process criteria—expensive part and 100% 
inspection required—were included in the 
reviewed version of Figures 3.5.1 and 3.5.2. 
3) Process criteria Nos. 1, 2, and 3 of Figure 
3.5.2 can be evaluated quantitatively, but 
the machine shop's method of evaluation en- 
gages in the actual process planning of the 
part. 
4) The remaining process criteria would be 
evaluated subjectively. 
Round 2:  The task in this round was to analyze those proc- 
ess criteria that can be evaluated quantitatively, 
Approach: The approach employed in this round for analyz- 
ing the process criteria quantitatively involves 
the use of historical data to estimate (by re- 
gression analysis  ) the process criteria.  The 
estimated process criteria would be functions of 
the part physical characteristics, e.g. for the 
process criterion No. 1 (Figure 3.5.2), histor- 
ical data was used to estimate a Production 
Ratio  of a part.  Production ratio (PR) is a 
Hugh J. McFadden, Jr., The Leaps Users Guide and Manual, 
Lehigh University Computer Center, 1976. 
"Numerical control at the operating level," Part 2 of 
Report on Numerical Control done by Arthur D. Little Inc., 
October 1962, p. B-55. 
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measure of direct labor savings, and the larger 
the ratio, the more attractive is the applica- 
tion of numerical control.  For the historical 
data compilation: 
_  Conventional (setup time/pcs + cycle time) 
R
 ~   NC (setup time/pcs + cycle time) 
For the estimation: 
PR = fn (part physical characteristics) 
The part physical characteristics include lot 
size, no. of operations, no. of tools, no. of 
surfaces, no. of steps, etc.  The analysis was 
performed for the three NC machines without 
changing the part physical characteristics. 
Results:  1) The variables (part physical characteristics) 
considered as functions of production ratio 
were not common for the three NC machines. 
2) The regression analysis used for estimating 
does not show the order of importance of the 
input variables.  Therefore overlapping or 
variables not contributing to the analysis 
were not detected. 
3) There was not sufficient historical data. 
4) The production ratio measure does not offer 
an opportunity to finalize the decision on 
processing. Other factors must be considered 
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as well. 
Round 3;  The tasks in this round were: 
a) To find another measure to replace produc- 
tion ratio for process criterion No. 1 
b) To find appropriate input variables (part 
physical characteristics) for the three dif- 
ferent numerical control machines. 
c) To  analyze the process criteria Nos. 2 and 
3 of Figure 3.5.2. 
Approach: The approach used in this round involved the use 
of historical data to estimate (by step forward 
regression analysis) the process criteria. 
a) For process criterion No. 1:  The production 
ratio was replaced by a "Cycle Index."  The 
cycle index (CI) is an indicator which con- 
tributes to the decision of which alternative 
(numerical control or conventional) is to be 
used.  For the historical data compilation: 
n  = 
Ec
 " 
En 
Ec + En 
where Ec = conventional total cycle time/pcs 
(setup time/pcs + cycle time) 
En = NC total cycle time/pcs (setup time/pcs 
+ cycle time) 
For estimation, CI = fn (part physical charac- 
teristics) 
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From this Cycle Index, decision rules can be 
established: 
Rule 1: if CI = 0 use NC or Conventional 
Rule 2: if CI > 0 use NC 
Rule 3: if CI < 0 use conventional 
Range for CI: -1 £ CI £ 1 (Figure 3.5.3 
illustrates the rules). 
Conventional 
processing  <- 
-> 
NC processing 
-1 0 1 
Figure 3.5.3: Cycle Index diagram 
b) Process criteria Nos. 2 and 3 (Figure 3.5.2) 
were combined to form a new process criterion 
called the "Fixture Ratio."  Fixture Ratio 
(FR) indicates which method of processing is 
most suitable for a part.  For the historical 
data compilation, 
FN 
FR=
 FC 
where FN = Cost of NC fixtures and special 
tools 
FC = Cost of Conventional fixtures and 
special tools. 
For estimation, FR = fn (part physical charac- 
teristics) 
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From this fixture ratio, these decision rules 
can be made: 
Rule 1: if FR = 1 use NC or conventional 
Rule 2: if FR > 1 use conventional 
Rule 3: if FR < 1 use NC 
FR range: 0 < FR < °° (Figure 3.5.4 illus- 
trates the rules) 
Conventional 
-> processing 
NC 
processing ■<- 
-> 
0 1 
Figure 3.5.4: Fixture Ratio diagram. 
Results:  la) The production ratio was replaced by 
the cycle index for process criterion No. 1. 
See appendices Al, A2, and A3 for the com- 
puter results, 
b)Process criteria Nos. 2 and 3 of Figure 3.5.2 
were combined to form the fixture ratio.  See 
appendices Bl, B2, and B3 for the computer 
results. 
c)The resulting equations obtained from the 
step regression analysis are shown in Figure 
3.5.5 
51 
Figure 3.5.5: Resulting equations from the step regression 
analysis. 
NC Machine Equation 
From Appendix Al step 5: - 
CI = 1.923 - 0.002 (Lot size) - 43.236 
(Average tolerance) + 0.060 (No. 
of Holes) - 0.004 (Surface finish) 
NC turret drill - 0.083 (No. of tools) 
From Appendix Bl step 3: - 
FR = 1.516 - 0.005 (Lot size) - 1.399 
(part size) + 92.151 (locational 
tolerance) 
From Appendix A2 Step 4: - 
CI = 0.782 - 41.434 (Average tolerance) 
+ 0.003 (No. of steps) - 0.077 
NC machining (No. of operations) + 0.001 (Lot 
center size) 
From Appendix B2 Step 2: - 
FR = 0.408 + 0.504 (No. of Locating 
surfaces) - 0.096 (part size) 
From Appendix A3 
Lathe turning CI = 0.000 (i.e. no difference in al- 
center ternatives) 
From Appendix B3 
FR = 0.000 (i.e. nodifference in alter- 
natives) 
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2) Figure 3.5.6 shows the selected process 
criteria used in this study. 
3) All the input variables used in the step re- 
gression analysis are part physical charac- 
teristics. 
4) There are some input variables used in the 
step regression analysis that are related to 
one another, but are not related to the de- 
pendent variables (i.e. cycle index and fix- 
ture ratio) individually.  This phenomenon 
is a problem known as collinearity in regres- 
sion analysis.  This problem reduces the ac- 
curacy of estimating the dependent variable. 
See Appendix C for details on this problem. 
Round 4; The task in this round was to analyze the re- 
maining process criteria. 
Results; 1) Process criteria Nos. 5, 6, 7, 8, 16, 17, and 
22 of Figure 3.5.6 were considered to be yes 
or no evaluations.  For example, a part will 
either require contouring operation (process 
criterion No. 7) or not. 
2)   Process criteria Nos. 4, 9, 10, 14, 15, 18, 
19, and 20 of Figure 3.5.6 were considered 
to favor numerical control processing as 
they increase.  For example, as the lots per 
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Figure 3.5.6:Selected process criteria listed in decreas- 
ing order of priorities. 
No. Process Criteria 
1 Cycle Index (CD 
2 Fixture Ratio (FR) 
3 Lot size 
4 Lots per year (turnovers) 
5 Mathematically defined surfaces 
6 Over three controlled axes 
7 Contouring 
8 Expensive part 
9 Overall size 
10 Overall weight 
11 Tolerance 
12 Surface finishes 
13 Lead time 
14 Engineering changes 
15 Method changes 
16 Family of parts 
17 Positioning system 
18 Angular holes/surfaces 
19 No. of holes/bores/diameters 
20 No. of surfaces 
21 Special skills required 
22 100% inspection 
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year (process criterion No. 4) increases, NC 
processing would be the appropriate method of 
manufacturing because the once prepared NC 
tape could be used again. 
3) Process criteria Nos. 11, 12, 13 and 21 we re- 
considered to favor conventional processing 
as they increase.  For example, if operator's 
special skill  is required for processing a 
part then conventional method should be the 
means of processing because NC processing 
requires little or no human intervention. 
4) Process criterion—lot size—was considered 
to be an in-between evaluation from NC point 
of view.  That is, the process criterion 
No. 3 (lot size) will not favor numerical 
control processing if the part lot size is 
very small or too large. 
All the process criteria to be evaluated on a sub- 
jective basis would be analyzed through the use of weight- 
ing factors developed from the scoring system in the next 
section, 3.5.4. 
3.5.4  Development of Scoring System 
The objective of the scoring system is to assign 
weighting factors to each process criterion. Then the as- 
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signed weighting factors are summed and a decision can be 
established as to which process—conventional or NC—is 
appropriate for processing a part. 
The development of the scoring system starts with 
the arrangement of the process criteria according to their 
levels of priority in decreasing order.  Then weighting 
factors between 0 and 10 are assigned to each process 
criterion accordingly. The order of process criterion lev- 
els of priority was obtained from the panel members in 
the machine shop investigated.  The range designed for 
the weighting factors (0 to 10, all integers) was chosen 
because: 
1) Integers are easy to sum 
2) People are skeptical about decimal fractions 
when they are assigned to criteria. 
3) There is a well-proportioned mid-point(equal 
to 5) within the range. 
4) A level of precision that is too high is not 
considered feasible. 
In order to reflect the levels of priority for the 
process criteria a decreasing weighting factor magnitude 
must be assigned to the process criteria as the criterion 
levels decrease.  That is, process criterion No. 1 is 
more important (higher level of priority) than process 
criterion No. 3.  Therefore to reflect these different 
levels of importance among the factors, the more important 
factors were given a wider range of factor values. 
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Figure 3.5.7: Scoring svstem development (*  indicates ves or no 
evaluation of the process criteria). 
NOL/Level Process Criteria Scoring system/weighting factors 
1 Cycle Index 
0         5         10 
Block 1 \                      1         / 
2 
3 
Fixture Ratio 
Lot aize 
vl 4 
\ 
\ 
i 
i 
4 Lots per year \ \ 
i 
1 
5 Math, defined 
surfaces* Block 2 
\ 
\ 
\ 
i 
i 
i 
6 Over 3-controlled \ i 
axes* \ 
\ 
l 
i 
7 
8 
Contouring* 
Expensive part* 
2  \ I   8 
I 
\ / 
9 Overall-size >' \ 
10 Overall-weight Block 3 \ 1 
/ 
i 
i 
11 Tolerance 1 
i 
i 
i 
12 
13 
Surface finish 
Lead time 
1 
3 , ! 7 
1 
1 
14 Engineering 
changes 
1 
1 
1 
1 
15 Method changes Block 4 1 1 
16 Family of parts* 1 1 
17 Positioning 1 1 
18 
•System* 
Angular holes/ 
4 
1 
1 
surfaces 1 
19 No. of holes/ 
bores/dia's. 
1 
1 
actual 
rating 
20 No. of surfaces Block 5 
1 
1 
1 
(dimen- 
sionless) 
21 Special skills 
required 
1 
1 
1 
22 100% inspec- 1 1 
Range of 1 
tion. * 
^otal assigned weights 
1 
1 
(s):      5 0        110        170 
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There are 22 process criteria in the scoring system 
(see Figure 3.5.7).  If weighting factors between 0 and 
10 are to be assigned to process criteria, and they should 
be decreasing as the levels of priority decrease, then as- 
signed weighting factors would not turn out to be integers. 
Therefore it was decided to group the process 
criteria into blocks.  The process criteria in each block 
will be treated as having the same weighting factor (see 
Figure 3.5.7).  Although this assumption is not true, the 
effect of the blocking will be insignificant after sum- 
ming the assigned weighting factors. 
From the blocking exercise of the process criteria, 
the minimum, average and maximum scores possible from 
the decision table are 50, 110, and 170 respectively. 
Decision rules can be established from the scoring as 
follows: 
Rule 1: 50 <_  S <  110 use conventional processing 
Rule 2:110 < S <_    170 use NC processing 
Where S represents the total assigned weighting fac- 
tors. 
3.5.5 Assignment of Weighting Factors.  In order to 
make decisions from the scoring system developed in this 
study, weighting factors must be assigned to each process 
criterion.  The following principles were used in assign- 
ing weighting factors to the process criteria. 
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1) Cycle Index: Decision rules for the cycle index 
are:  Rule 1: if CI = 0 implies a neutral zone (use NC or 
conventional) 
Rule 2: if CI > O implies NC should be used 
Rule 3: if CI < 0 implies conventional should be 
used 
The range for the cycle index is between -1.0 and 1.0 and 
the range for its weighting factors is between zero and 
10.0, 
where O indicates a perfect score for conventional proc- 
essing 
10 indicates a perfect score for NC processing 
5 indicates the neutral zone implying either NC or 
conventional processing could be used. 
Figure 3.5.8 illustrates the assignment of the weighting 
factor value to the cycle index. 
Conventional 
processing ■*- 
-1.0 ■0i2   0   0l2 
i  ,      i 
-i——h 
-*-NC processing 
0i8  1.0 (decision- 
making) 
(assignment 
.. _ of weighting 
1U
 factor) 
Figure 3.5.8: Weighting factor assignment for cycle index, 
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2) Fixture Ratio: Decision rules from fixture ratio 
are, Rule 1: if FR = 1 use NC or conventional (neutral 
zone) 
Rule 2: if FR > 1 use conventional processing 
Rule 3: if FR < 1 use NC processing 
The range for the fixture ratio is between zero and in- 
finity, and its range for the weighting factors is be- 
tween 0 and 10.  Figure 3.5.9 shows the assignment of 
weighting factors to fixture ratio. 
NC processings 
10 
0l6     0J 8 2 
I 
-♦Conventional processing 
^ (decision-making) 
■H  (assignment of 
0 weighting factor) 
Figure 3.5.9. Weighting factor assignment for fixture ratio. 
3) Lot size: The rock drill machine shop's rule of 
thumb was used for this process criterion.  The rule of 
thumb states that "part lot size between 25 and 2 50 is 
appropriate for NC processing."  Therefore the range of 
the weighting factor for lot size (i.e., 1 to 9) was as- 
signed to subdivisions of part lot sizes (see Figure 3.5.10X 
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Figure 3.5.10.  Weighting factor assignment for lot size 
(where L represents lot size). 
4) Lots per year: The machine shop's rule of thumb 
of four or more lots per year for parts to be processed 
on NC was used for this process criteria.  See Figure 
3.5.11 for illustration. 
V 00 iH 
m c vi vi 
• o 
oviiHCMcn^r c CiH 
v in || || || n v v A 
COCCCC^ooc 
■+■ 
8 
Figure '3.5.11.  Weighting factor assignment for lots per 
year (where n = number of lots/yr). 
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5) Mathematically defined surfaces, over 3-con- 
trolled axes, and contouring: These process criteria are 
based on yes or no judgements and only the extreme weight- 
ing factors can be assigned to them.  Therefore weighting 
factors of 1 and 9 would be assigned to no and yes evalu- 
ations respectively.  A value of 1 indicates none of the 
above features (mathematically defined surfaces, etc.) 
apply to the part in question.  A value of 9 indicates 
that one or more of the features do apply. 
6) Expensive part: This process criterion is based 
on a yes or no judgement and only the extreme weighting 
factors (from a range of 2 to 8) can be assigned.  There- 
fore weighting factors of 2 and 8 would be assigned to 
no and yes judgements respectively. 
7) Overall Size: This process criterion indicates 
the surface area of a part and the larger the overall size 
the more the tendency to process the part by NC.  This is 
due to NC's capability of reducing operator's handling of 
the workpiece.  This process criterion cannot be assigned 
weighting factors quantitatively, therefore a relative 
measure was used.  The weighting factors to be considered 
for this process criterion are 2, 4, 5, 6, and 8 (see Fig- 
ure 3.5.12 for illustration). 
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Figure 3.5.12.  Weighting factor assignment for overall 
size. 
8) Overall weight;  The machine shop uses a rule of 
thumb of 29.48 kg (65 lbs.) for overall maximum weight of 
a part to be moved by hand otherwise a hoist must be used. 
This rule of thumb was used as the basis of assigning 
weighting factors to this process criterion.  The fact 
that, as the overall weight increases it favors NC was 
also used in assigning the weighting factor.  The increase 
in weight favors NC because mobility of the part is re- 
duced due to excess weight and maximum operations have 
to be performed on a single setup and/or single machine. 
Figure 3.5.13 illustrates the weighting factor assignment 
to overall weight. 
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Figure 3.5.13.  Weighting factor assignment to overall 
weight.  (w = overall weight) 
9) Tolerance; Numerical control machines are capa- 
-5 ble of holding accuracy as close as ±2.54 x 10 m (±0.001 
in.) consistently and repetitively.  This is the basis of 
the weighting factor assignment (range: 2 to 8) in this 
process criterion (see Figure 3.5.14). 
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Figure 3.5.14.  Weighting factor assignment for Tolerance 
(T represents the tolerance). 
10) Surface finish;  The machine shop's rule of 
thumb was used as a reference for assigning weighting fac- 
tors (range: 2 to 8) to this process criterion.  The rule 
of thumb states that since NC machines are capable of 
producing 1.60u-m (63 u-inches) of surface finish, there- 
fore part surfaces requiring LlOy-m (63 y-inches) or less 
should be processed by NC. Bearing this rule of thumb in 
mind the weighting factors were assigned as shown in Fig- 
ure 3.5.15. 
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Figure 3.5.15.  Weighting factor assignment for surface 
finish process criterion (SF = surface 
finish). 
(11) Lead time: In general, NC processing reduces 
lead time by 50 - 80%.  The machine shop uses a rule of 
thumb of 2 weeks lead time for parts processed on numeri- 
cal control machines.  This rule of thumb was used as a 
reference for assigning weighting factors (range: 3 to 7) 
to lead time (see Figure 3.5.16). 
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Figure 3.5.16.  Weighting factor assignment for lead time 
process criterion (LT = lead time). 
12) Engineering and Methods Changes: Engineering 
and methods changes take place on nearly every part proc- 
essed in the machine shop, and quantitative measure can- 
not be assigned to these process criteria.  Therefore a 
relative measure was used (see Figure 3.5.17) to assign 
the weighting factors.  It should be noted that the more 
numerous the changes the more the tendency to use NC as 
the processing method.  This is due to NC's capability of 
low cost of change.  Only the NC tape needs to be changed 
as compared to conventional processing where setups, fix- 
tures, special tools, etc. have to be changed. 
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Figure 3.5.17.  Weighting factor assignment to engineering 
and methods changes. 
13) Family of parts and positioning system: These 
process criteria are based on yes or no judgements, and 
only the extreme values of the weighting factors (3 or 7) 
can be assigned.  In other words, no and yes evaluations 
would be assigned 3 and 7, respectively. 
14) No. of surfaces and angular holes/surfaces: The 
range of these process criteria is between 4 and 6, there- 
fore there are only three possible conditions.  The weight- 
ing factors will be assigned as follows: 
a) weighting factor of 4 to no surfaces/angular 
holes or surfaces. 
b) weighting factor of 5 to 1 surface/angular hole 
or surface. 
c) weighting factor of 6 to > 1 surfaces/angular 
holes or surfaces. 
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15) No. of holes/bores/dia.'s:  This factor cannot 
be evaluated by itself.  Therefore, some other process fac- 
tors have to be considered along with it.  The machine shop 
considers lot size with it.  That is, a rule of thumb of 4 
or more holes on a part and lot size between 25 and 250 
pieces is needed for parts to be processed on NC machines. 
This rule of thumb was used as a reference for assigning 
weighing factors to this process criterion as follows: 
Table 3.5.1:  Weighting factor assignment for no. 
of holes/bores/dia.'s. 
lot size 
Number 
of 
Holes 
0-24 25-250 >250 
0 4 4 4 
1-3 4 5 4 
t 4 5 6 5 
16) Special skills required:  Numerical control 
processing requires very little or no human intervention, 
and this fact was used as a reference for assigning weight- 
ing values to this process criterion as follows: 
a) weight factor of 4 to high special skills re- 
quirement 
b) weight factor of 5 to low special skills require- 
ment 
c) weight factor of 6 to no special skills require- 
ment 
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17) 100% inspection: This is a yes and no judge- 
ment and only the extreme weighting factors can be as- 
signed to the process criterion.  Therefore weighting 
factors of 4 and 6 would be assigned to no and yes judge- 
ments respectively. 
3.6 Procedural Worksheet 
3.6.1 The Worksheet.  The adopted procedure for 
selecting the appropriate processing method for a part in 
this study was classified into two major steps as pre- 
viously explained.  Figure 3.6.1 shows the worksheet form 
developed in this study. 
3.6.2 Explanation of Worksheet.  The selection of 
appropriate processing method for a part starts with the 
selection (in advance) of a numerical control machine 
suitable for processing the part in question.  Step 1 of 
Figure 3.6.1 should be used for this decision.  Then, the 
decision is made as to which alternative, conventional 
method or the selected numerical control machine (step 2 
of Figure 3.6.1). 
In order to assign weighting factors to process 
criteria--cycle index and fixture ratio—in step 2, some 
computations must be carried out.  From step 1, only one 
NC machine can be used for processing a workpiece.  There- 
fore, the cycle index and fixture ratio must be calculated 
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Figure   3.6.1 
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for the particular numerical control machine chosen. 
Figure 3.6.2 shows the equations for the numerical control 
machines. / 
After calculating the cycle index and fixture ratio 
for a particular NC machine, then the weighting factors 
should be assigned.  It should be noted that the range of 
cycle index is -1 < CI < 1 and that of the fixture ratio 
is 0 < FR < <*>     .  The determination of values for the 
weighting factors has been discussed in Section 3.5.5. 
The unshaded portions of step 2 of Figure 3.6.1 in- 
dicate the allowable values of the weighting factors for 
the particular process criterion. 
The assigned weighting factors are then summed up 
and the decision made based on one of these rules: 
Rule 1: 50 < summed assigned weights < 110 use 
conventional processing. 
Rule 2: 110 < summed assigned weights < 170 use 
numerical control processing. 
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Figure 3.6.2. Equations (CI's and FR's) for NC machine 
selected in step 1 of Figure 3.6.1 
(-1 < CI < 1, 0 < FR < <*>) . 
NC Machine Process Criteria Equations 
NC turret 
drill 
CI » 1.923 - 0.002 (Lot size) - 43.236 
(Average tolerance) + 0.060 (No. of 
holes) - 0.004 (surface finish) - 
0.083 (No. of tools) 
FR = 1.516 - 0.005 (Lot size) - 1.399 
(part size) + 92.151 (locating 
tolerance) 
NC Machining 
Center 
CI = 0.782 - 41.434 (average tolerance) 
+ 0.003 (No. of steps) - 0.077 (No. 
of operations) + 0.001 (Lot size) 
FR = - 0.408 + 0.504 (No. of locating 
surfaces) - 0.056 (part size) 
Lathe NC 
Turning 
Center 
CI = 0.000  i.e.  negligible 
FR = 0.000  i.e.  negligible 
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Chapter 4 
AN EXAMPLE 
4.1 Test of Worksheet 
4.2 Check of Worksheet With Case Studied 
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*•1  Test of Worksheet 
In order to test the procedure adopted in this 
study, a sample was selected at random from among the 
parts currently being processed in the machine shop.  It 
should be noted that the details of the rules used in as- 
signing weighting factors on the worksheet have been 
given in Section 3.5.5. 
The part illustrated in the print of Figure 4.1.1 
was used as the example to test the decision process. 
Other known information about the part was: 
a) Lot size of 150 pieces 
b) Lots per year of 5 
c) Lead time of 3 weeks 
The first step in the procedure calls for the se- 
lection of the appropriate NC machine.  Figure 4.1.4 shows 
that the NC turret drill was selected because: 
a) the operations to be performed were not lathe 
operations 
b) pallets were not required 
c) milling operations were required 
d) extensive tooling was not required 
The next step was to determine the values of the 
weighting factors.  The cycle index and fixture ratio are 
the first factors to be calculated.  Using the equations 
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for the NC turret drill from Figure 3.6.2; 
CI » 1.923 - 0.002 (150) - 43.236 (0.008) 
+ 0.060 (6) - 0.004 (94) - 6.083 (8) 
- 0.597 
• 0.60 
FR - 1.516 - 0.005 (150) - 1.399 (0.243) 
+ 92.151 (0.001) 
FR = 0.518 
a 0.50 
These values are next converted into values which are con- 
sistent with the Worksheet Process Criteria: 
1) Cycle Index;  Decision rules for cycle index 
are, Rule 1: if Ci = 0 use NC or conventional (neutral 
zone) 
Rule 2: if CI > 0 use NC 
Rule 3: if CI < 0 use conventional 
The range for cycle index is between -1.0 and 1.0, and 
the range for its weighting factor is between 0 and 10. 
Since CI was calculated to be approximately 0.500, the 
cycle index was assigned a weighting factor of 8 (see 
Figure 4.1.2). 
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Conventional « 
processing 
-1 
0.6 
->NC processing 
(decision-making) 
8 
(assignment of 
factor) 
10 
Figure 4.1.2: Weighting factor assignment for the cycle 
index of the example part. . 
2) Fixture Ratio; Decision rules for fixture ratio 
are, Rule 1: if FR = 1 use NC or conventional (neutral 
zone) 
Rule 2: if FR > 1 use conventional 
Rule 3: if FR < 1 use NC 
The range for FR is between zero  and infinity and the 
range for its weighting factor is between 0 and 10.  A 
weighting factor value of 8 was assigned to the fixture 
ratio (see Figure 4.1.3 for illustration). 
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NC processings 
+-*- 
0.5 
Conventional 
processing 
-*M- (decision-making) 
10 8 
(assignment of 
weighting factor) 
Figure 4.1.3.  Weighting factor assignment for exmple's 
fixture ratio. 
The determination of values for the remaining weighting 
factors follows in the paragraphs below. 
3) Lot size:  The part lot size was 150 pieces, 
therefore a weighting factor of 8 was assigned to lot 
size according to the rule established in Figure 3.5.10. 
4) Lots per year;  A weighting of 7 was assigned 
to this process criterion because the given lots/year was 
5 (see Figure 3.5.11). 
5) Number of holes:  There are over 4 holes on the 
part and lot size of 150.  Therefore a weighting factor 
of 6 was assigned according to the rules of Table 3.5.1. 
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6) Angular holes/surface: There were no angular 
holes or surfaces, therefore a weighting factor of 4 was   y 
assigned to this process criterion (see Section 3.5.5). 
7) Positioning system: This is a yes or no judge- 
ment and only the extreme weighting factors of 3 or 7 can 
be assigned to no and yes judgements respectively.  There- 
fore a weighting factor of 7 was assigned because there 
was a positioning system used on the part. 
8) Tolerance: The average tolerance on the part 
print is 0.008 inch.,therefore a weighting factor of 6 
was assigned as established in Figure 3.5.14. 
9) Mathematically defined surfaces; This process 
criterion is based on a yes or no judgement and only the 
extreme weighting factors of 1 or 9 can be assigned to 
no or yes judgements respectively.  Hence, a weighting 
factor of 1 was assigned because there were no surfaces 
defined mathematically. 
10) Over 3-controlled axes: This process criterion 
is based on yes or no evaluations and only the extreme 
values of 1 or 9 can be assigned to no and yes judgements 
respectively.  Therefore, a weighting factor of 9 was as- 
signed to this process criterion because over 3-controlled 
axes are needed for this part. 
11) Contouring: This is a yes or no evaluation where 
only the extreme weighting factors of 1 and 9 are assigned 
to no and yes judgements.  Since contouring was not needed 
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in .this part, it was assigned a weighting factor of 1. 
12) Overall size: The part's overall size was con- 
sidered small compared to parts processed in the machine 
shop.  Therefore a weighting factor of 4 was assigned 
(see Figure 3.5.12). 
13) Overall weight: The weight of the part was 
15.88 kg (35 lbs.), therefore a weighting factor of 4 
was assigned to the process criterion.  This value was 
assigned in accordance with the rules set up in Figure 
3.5.13. 
14) Surface finish: The average surface finish on 
the part print was 3.00u-m (118 y-inches).  As provided 
in the factor assignments of Figure 3.5.15, a surface 
finish of.3.0y-m (or 118 micro-inches) is converted into 
a weighting value equal to 6. 
15) Expensive part: This process criterion is based 
on yes or no judgement, and 2 and 8 are assigned to no 
and yes judgements respectively.  The part was not con- 
\ 
sidered expensive, therefore a weighting factor of 2 was 
assigned. 
16) Number of surfaces: There are more than one sur- 
faces to be machined on the given part.  Therefore a 
weighting factor of 6 was assigned (see Section 3.5.5). 
17) Engineering and methods changes: The engineering 
and methods changes on the part were considered normal, 
when compared to other jobs that had gone through the 
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machine shop.  Therefore a weighting factor of 5 was as- 
signed to engineering and method changes. 
18) Special skills required: A low operator's skill 
was required to process this part, therefore a weighting 
factor of 5 was assigned in accordance with Section 3.5.5. 
19) Family of parts: This is a yes or no judgement 
where 3 and 7 weighting factors are assigned to no and 
yes judgements respectively.  Since the part did not be- 
long to any family of parts, it was assigned a weighting 
factor of 3. 
20) 100% inspection: This process criterion was 
based on a yes or no evaluation and only the extreme 
weighting factors of 4 or 6 can be assigned to no or yes 
judgements respectively.  The part did not require 100% 
inspection; therefore a weighting factor of 4 was assigned. 
21) Lead time: The lead time given for this part was 
3 weeks, therefore a weighting factor of 6 was assigned 
to this process criterion (see Figure 3.5.16). 
The total of the assigned weights is equal to 115. 
Since 115 is between 110 and 170, the decision was to use 
numerical control processing for the given example.  Fig- 
ure 4.1.4 summarizes the decision-making process and 
shows the use of the worksheet in the procedure. 
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Figure 4.1.4. 
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4.2  Check of Worksheet With Case Studied 
Machine shop's method: The machine shop uses a comparison 
sheet (lowest cost method) like the one shown in Figure 
4.2.1.  The major considerations in this comparison sheet 
are: 
1) percent savings in total cycle time.  For the 
example given: 
NC total cycle time was estimated to be 
43 mins/pes 
Conventional total cycle time was estimated to 
be 119 mins/pes 
% savings in total cycle time = 119-43 
119 
= 63.87% 
2) The fixture costs comparison of NC and conven- 
tional processing.  For the given example: 
Conventional fixture cost was  $1900.00 
NC fixture cost was 550.00 
Accordingly, the conventional fixtures would 
cost (^QQ = 3.45), approximately 3.5 times 
that of the numerical control fixtures. 
With these two major factors in mind the analyst 
also applies his experience and decided to process the 
part by numerical control.  It should be noted that the 
analyst would have to go through the actual detailed proc- 
ess planning for both alternatives (NC and conventional 
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processing) before he could compute the percent savings 
and fixture cost comparison. 
Worksheet method; The proposed procedure was developed 
in Section 4.1.  The part was analyzed separately by two 
members of the Rock Drill staff and the results were 
essentially the same, i.e., to process the part by NC. 
This proposed procedure (scoring system) was also tested 
on three other jobs by two analysts and the three cases 
yielded correct decisions.  See Figure 4.2.2 for a sum- 
mary of the check on the worksheet with the machine shop, 
Item Work Sheet Machine shop's method (lowest cost) 
CI 0.60 0.50* (63.87% savings in total 
cycle time) 
FR 0.50 0.30* (3.5 : 1, conventional to 
NC fixture cost ratio) 
Total 
assigned 
weight 
115 Experience 
Decision NC NC 
Figure 4.2.2. Check of worksheet with machine shop's 
method. 
♦Machine shop's:  CI = 0.50 = Ec - En Ec + En 119 - 43 119 + 43 
where CI = cycle index 
Ec = total conventional cycle time 
En = total NC cycle time 
♦Machine shop's:  FR = 0.30 = FN FC 550 1900 
where FR = fixture ratio 
FN = fixture cost for NC 
FC = fixture cost for conventional 
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Chapter S 
CONCLUSIONS 
The objective of this study was to develop a 
standard scoring system for selecting the appropriate 
processing method (numerical control vs. conventional 
machine tools) for a given part design.  The decision of 
method was based on physical characteristics of the part 
rather than going through the actual process planning of 
the part.  The machine shop investigated uses the lowest 
cost method for selecting parts for numerical control 
processing.  This lowest cost, method is complex and time 
consuming to use because the analysis involves going 
through the actual process planning. 
From the approach adopted in this study, the fol- 
lowing conclusions are relevant: 
1) Accurate decision-making is possible for select- 
ing appropriate pjarts for numerical control processing 
without engaging in actual process planning. 
2) The scoring system approach probably must be 
redesigned for each different machine shop, because the 
manufacturing facilities in each shop will be different 
from that investigated. 
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3) Most of the decision-making criteria for select- 
ing parts for NC processing are not common to all NC ma- 
chines.  For example, the process criteria for a NC turret 
drill are not the same as that of a lathe NC turning cen- 
ter. 
4) The approach does not depend on the experience 
of the analyst. 
5) The analyst is not necessarily required to have 
a comprehensive manufacturing background. 
6) The decision-making process is expedited be- 
cause of the use of decision tables; therefore, the proc- 
ess planning time for a part is reduced significantly. 
7) In order to test the validation of the proposed 
procedure, two analysts were given four parts currently 
being produced in the machine shop to analyze separately. 
The analysts' results were the same (i.e., NC processing). 
Therefore, 4 cases out of 4 yielded correct decisions 
using the proposed decision-making method. 
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Chapter 6 
RECOMMENDATIONS FOR FURTHER STUDY 
The need for the utilization of numerical control 
advantages to the fullest by processing appropriate work 
parts on it brought about this study.  The investigation 
carried out in this study can be considered as perhaps a 
first step in the development of a standard scoring sys- 
tem for selecting parts appropriate for numerical control 
processing.  The selection being based on the physical 
characteristics of the part and known information about 
the part rather than actual process planning of the part. 
There is much more to be done before this decision- 
making process can be evaluated on a less subjective 
basis.  Therefore, the following are recommendations for 
further study: 
1) The decision-making process for selecting parts 
for NC depends largely on the manufacturing facilities 
available in the machine shop and the kind of products 
produced.  It is feasible to categorize manufacturing 
shops into two broad groups, namely, family of parts and 
non-family of parts manufacturing shops.  Then, two gen- 
eral decision analysis processes can be developed for the 
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two groups instead of developing the process analysis for 
each shop as done in this study. 
2) The criteria for selecting parts for NC process- 
ing differs for each numerical control machine.  There- 
fore, further investigations could be carried out for 
more numerical control machines, since only three types 
of NC machines were considered in this study.     f 
3) In order for the decision-making process to be 
less subjectively evaluated more quantitative analysis for 
the process criteria must be developed.  A logical ap- 
proach will be to find the quantitative analysis by going 
through the actual process planning.  Then a quantitative 
analysis based on physical characteristics of the part 
can be deduced from the results obtained from going 
through the actual process planning.  For example, lot 
size was based on subjective judgement in this study.  A 
quantitative analysis can be developed for lot size by 
going through the actual process planning as follows: 
Let    N = lot size 
7 
PR = Production Ratio  (measure of direct 
labor savings, the higher the ratio 
the better) 
Q = Give lot size 
Conv.E Conventional processing 
NC E Numerical control processing 
"Numerical Control at the operating level," Part 
2 of Report on Numerical Control done by Arthur D. Little 
Inc., October 1962, p. 8-55. 
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If PR » Conventional (setup tine/pcs + cycle time) 
NC (setup time/pcs + cycle time) 
the breakeven point will be where PR ■ 1. 
In order to manufacture N lot size at the break- 
even point, 
PR « 1 = 
Conv. total setup time + (Conv. Cycle time)xN 
N 
NC total setup time + (NC cycle time)xN 
N 
Then solve for N 
Conv. total setup time + (conv. cycle time).xN _ , 
NC total setup time + (NC cycle tlme)xN 
Conv. total setup time + (conv. cycle time)xN = NC total 
setup time + (NC cycle time)xN 
N [Conv. cycle time - NC cycle time] = NC total setup 
time - Conv. total setup time 
Therefore, 
N - Nc total setup time - Conv. total setup time 
"*  Conv. cycle time - NC cycle time 
From the solution of N three possible decisions can be 
made (given a lot size of Q). 
Decision 1: if N = Q use NC or conventional (breakeven 
point) 
Decision 2: if N > Q use conventional 
Decision 3: if N < Q use NC 
For example, for a part currently being produced in the 
shop, 
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N 
Given: NC total setup time  *  120 mins. 
Conv. total setup time - 90 mins. 
NC cycle time « 5.2 mins. 
Conv. cycle time = 9.0 mins. 
NC total setup time - Cony, total setup time 
Conv. cycle time - NC cycle tine 
N m   ll°_~   9l   = 7.89 = 8 pcs. 9 - 5.2 
In order to represent the processes on a graph, 
for NC:  120 + 5. 2N 
for Conv: 90 + 9.ON 
From Figure 6.1, the slope of the conventional processing 
rises more than that of NC; therefore, beyond the break- 
even point use NC processing, otherwise*, use conventional 
processing, i.e. 
If Q > 8 use NC processing 
If Q < 8 use conventional processing 
120 
Breakeven point 
90 + 9.ON (Conventional 
processing) 
120 + 5.2N (NC processing) 
8 pcs Lot size 
Figure 6.1. Lot size evaluation for example 6.1 
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Then using the results obtained from the actual 
process planning as a basis, the lot size for a part can 
be evaluated quantitatively by physical characteristics 
of the part. 
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APPENDIX C 
EVALUATION OF REGRESSION ANALYSIS RESULTS 
Selection of Best Equations 
In the step forward regression analysis performed 
in this study, a regression equation was obtained for 
each step.  The task was to select the best equation 
out of the options obtained from the regression analy- 
sis.  The procedure used in selecting the best equation 
is based on traditional techniques for selecting the best 
regression equation from many options.  The procedure 
can be divided into two steps.  The first step involves 
the elimination of the obvious "losers."  That is, there 
are some equations that fail to meet the standard accept- 
ance criteria and can be eliminated easily.  The second 
step involves the selection of the "winner" (best equa- 
tion) among the remaining candidates.  The following 
principles were used in selecting the best equation: 
Step 1; Eliminating the "losers" 
1) Does the equation make sense?  For example, are 
there any variables in the equation that should logically 
have taken the opposite sign?  This test is usually per- 
formed by inspection, and if any equation turns out to be 
obviously "insensible" it should be eliminated. 
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2) Low t-statistics: This is the significance of 
each independent variable in predicting the dependent 
variable.  It is desirable to have as large a t-statistic 
as possible for each independent variable.  Therefore 
equations whose independent variables have low t-sta- 
tistic (-2 < T < 2) should be eliminated. 
3) Low correlation coefficient; The correlation 
coefficient measures the percentage of the change in the 
dependent variable and the inputed independent variables. 
This measure can be used to reduce the likely candidates 
to about two, three or four.  Generally, the higher the 
correlation coefficient the better the equation, where 
correlation coefficient of 1.0 is the optimum. 
Step 2: Selecting the best equation among the remaining 
candidates 
1) Best Durbin-Waston Statistic: This provides a 
standard test for autocorrelation.  Autocorrelation is 
the presence of correlation between successive errors. 
The equation with the Durbin-Waston Statistic closest to 
2.0 can be a basis for final selection. 
2) Standard Error of the Regression: This is a 
measure of how close the estimated or predicted values 
have been to the actual values of the dependent variable. 
Therefore the smaller the standard error of the regression, 
the better the equation. 
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From the above procedure the best equations were 
selected from Appendices Al, A2 , Bl, and B2. 
There was no equation qualified to be used in 
Appendix A3 because the best equation (step 1) has: 
a) correlation coefficient of 0.36004 
b) F-ratio of 1.340 
c) Durbin-Waston Statistic of 1.574 
d) Std. Error of the regression of 0.13629 
There were no available equations in Appendix B3 
because the dependent variable was constant throughout 
the analysis. 
The Pitfall of the Step Regression Analysis 
The pitfall of the analysis is collinearity.  This 
problem can be detected by inspection of the correlation 
matrix of Table C-l.  Correlation is the extent to which 
any two variables vary with each other.  If one variable 
varies directly, and is perfectly related to the posi- 
tive change in another variable, then the correlation 
between the two variables is positive.  On the other hand, 
if one variable decreases as the other increases, then 
the correlation is negative. 
From Table C.l it was observed that some variables 
are highly correlated with one. another and are also cor- 
related with the dependent variable.  This kind of pheno- 
menon is called "collinearity" (where independent vari- 
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ables interfere with each other). 
There are two basic ways of solving the problem of 
coolinearity.  One is to drop one of the highly corre- 
lated variables from the regression analysis (but there 
is nodesire to drop any variable in this analysis).  The 
other way is by changing the structure of the equation. 
An approach of changing the equation structure is to 
divide both sides of the equation by some series which 
will leave the basic logic, but eliminate the collineari- 
ty.  Another approach is to estimate the equation on a 
first difference basic.  The approach used in this anal- 
ysis to change the equation structure involves the com- 
bination of the correlated variables to form a new vari- 
able which reflects their weighted sum.  The collinear 
variables in Table C.2 are variables 2 and 5, and vari- 
ables 4 and 6. 
Using the least squares method, the relationship 
between variables 2 and 5, and variables 4 and 6 are shown 
in Figures C.l and C.2 respectively.  The original co- 
ordinate axes (x-y) were transposed into a new co'-ordi- 
nate axes (u-v), such that asix v is perpendicular to the 
line (axis u) generated from the relationship of the cor- 
related variables.  The origin of the new co-ordinate 
axes (u-v) is arbitrary within that system (u-v) and the 
values of v are insignificant because they are measures 
of error to the least squares line (axis u). 
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Figure C.L  Correlated Variables of Appendix A-l 
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Figure C.2.  Correlated Variables of Appendi.fr A-l 
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The points on the original x-y system were trans- 
ferred to the new co-ordinate system (u-v) by dropping a 
perpendicular line through these points onto the u-axis. 
The distances between the origin of u-v coordinates and 
the points on the u-axis will be the values of the new 
variable, derived from the combined correlated variables 
Then the step regression analysis was performed includ- 
ing the new two variables, and the results are shown in 
Exhibit 2.  The new analysis did not yield a better re- 
sult than the original, therefore the original equations 
were chosen. 
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